Introduction {#s0001}
============

Genome editing technology has rapidly become a standardized reverse genetics approach, leading to many important biologic and therapeutic discoveries. Genome editing allows site-specific gene engineering (e.g. gene knockout, gene knock-in, and various chromosomal rearrangements) via programmable nuclease-induced DNA double-strand break (DSB), followed by DSB repair.[@cit0001] In gene knock-in approaches, there are 3 accessible repair pathways: homologous recombination (HR), nonhomologous end-joining (NHEJ), and microhomology-mediated end-joining (MMEJ).[@cit0002] HR-mediated gene editing enables precise knock-in[@cit0003]; however, it is time-consuming to make the targeting vector, and HR is only active during the late S/G~2~ phases of the cell cycle, resulting in a laborious process and low efficiency. Conversely, homology-independent gene knock-in assisted by NHEJ can be performed in a cell cycle-independent manner in mammalian cells, resulting in highly efficient gene knock-in.[@cit0004] However, it is relatively error-prone due to the lack of homologous arms in the donor vector, and precise adjustment of junction sequences, such as intentional deletion/replacement/addition of several bases, is difficult because NHEJ simply re-joins the cut sites.

We previously reported a gene knock-in approach with good efficiency, convenience, and flexibility, based on the MMEJ repair pathway, referred to as the PITCh (Precise Integration into Target Chromosome) system.[@cit0002] In the PITCh system, the targeting vector and the genomic target site are simultaneously cut by transcriptional activator-like effector nuclease (TALEN) or clustered regularly interspaced short palindromic repeats (CRISPR)--CRISPR-associated protein 9 (Cas9), termed TAL-PITCh and CRIS-PITCh, respectively; then, the linearized DNA fragment is integrated into the genome via short microhomologies in the range of 8--40 bp, depending on MMEJ repair. The advantages of this approach are increased by the updated version of CRIS-PITCh, CRIS-PITCh (v2), using a generic single-guide RNA (sgRNA) to cleave the PITCh donor vector, designed outside of each microhomology, which confers high versatility.[@cit0002] The detailed protocol for designing, constructing, and transfecting the reagents for CRIS-PITCh (v2) is available,[@cit0002] and the plasmids can be obtained from Addgene.[@cit0002]

The PITCh systems have 3 major characteristics. First, the active stages within the cell cycle for PITCh knock-in are different from those for HR knock-in. Since MMEJ can occur in most of the cell cycle, PITCh knock-in often results in higher efficiency than HR knock-in. In fact, we observed higher positive colony-forming efficiency using PITCh knock-in than using HR-mediated knock-in in HeLa cells.[@cit0005] In addition, a recent study showed that the overexpression of MMEJ-related genes such as exonuclease 1 can further enhance the knock-in efficiency.[@cit0008] Second, the lengths of the microhomologies on the PITCh donor vector are extremely short; thus, they can easily be added by a single PCR without any amplification from genomic DNA. Third, in contrast to NHEJ knock-in, such as HITI,[@cit0004] the CRIS-PITCh (v2) system can perform seamless knock-in, without carrying the partial target sequence of sgRNA, because the extra bases outside of microhomologies can be trimmed during the MMEJ pathway. With these advantageous characteristics, the PITCh system should expand the knock-in capacity in various cells and organisms.

Although CRIS-PITCh (v2) can be performed easily with the reported protocols and open-source reagents, as we mentioned earlier, the design of gene-specific sgRNAs and microhomologies has been left to the users themselves. In addition, reported examples and materials for CRIS-PITCh (v2) have been limited to the EGFP-labeling of an endogenous gene. In this study, we thus develop an online design tool for CRIS-PITCh (v2) and examine a knock-in of a constitutively expressed gene cassette to expand the utility of the PITCh system.

Results and discussion {#s0002}
======================

Design principles of 2 types of PITCh knock-in {#s0002-0001}
----------------------------------------------

The current PITCh system is designed and applied for a promoterless EGFP cDNA fused with a 2A sequence, followed by a puromycin resistance gene (EGFP-2A-Puro^R^) to tag an endogenous gene without affecting the corresponding gene function ([Fig. 1A](#f0001){ref-type="fig"}). This approach is clearly useful and versatile for monitoring endogenous gene expression; however, there should be another type of versatile knock-in, namely, integration of a constitutive or controllable promoter-driven EGFP cassette into a safe harbor or a specific gene locus to create transgenic reporter cells (PITCh-TG) or knock-in/knockout (KIKO) cells (PITCh-KIKO), respectively ([Fig. 1B](#f0001){ref-type="fig"}). PITCh-TG is useful for establishing the cell line stably expressing an exogenous gene, where the knock-in cassette should be integrated in *AAVS1* locus (for human cells) or in *Rosa26* locus (for mouse cells). PITCh-KIKO can be used for gene disruption by biallelic knock-in of exogenous gene cassettes into the corresponding gene loci. Thus, the creation of a PITCh donor plasmid and CRISPR--Cas9 vector for such gene cassette knock-in should broaden the range of applications of PITCh knock-in. Figure 1.Schematic illustrations of the PITCh knock-in for C-terminal tagging (A) and transgenesis or knock-in/knockout (B). In the C-terminal tagging, a promoterless EGFP-2A-Puro^R^ cDNA is integrated into the genome to monitor endogenous gene expression and protein localization. In the transgenesis or knock-in/knockout, a constitutive promoter-driven CMV-EGFP-2A-Puro^R^-polyA cassette is integrated to establish a cell line with the stable expression of exogenous gene (PITCh-TG) or to disrupt gene function by knocking-in the exogenous gene cassette (PITCh-KIKO), respectively. The CMV-EGFP-2A-Puro^R^-polyA cassette should be integrated with the opposite orientation in the endogenous gene to avoid promoter interference. Puro^R^, puromycin resistance gene.

An experimental example of transgenesis using the PITCh system {#s0002-0002}
--------------------------------------------------------------

To present an example of PITCh-TG, we designed and constructed a CRISPR--Cas9 vector and a PITCh donor vector targeting the *AAVS1* locus ([Fig. 2](#f0002){ref-type="fig"}). The CRISPR--Cas9 vector was constructed to include a Cas9 nuclease expression cassette and 2 sgRNA cassettes targeting the PITCh donor vector and the genomic target site. On the PITCh donor vector, a cytomegalovirus (CMV) promoter-driven EGFP-2A-Puro^R^ cassette with a polyA signal sequence was added in the opposite direction against the endogenous *AAVS1* gene to avoid promoter interference. The intended genomic sequence of the correct knock-in allele is shown in [Fig. 3A](#f0003){ref-type="fig"}. The CRISPR--Cas9 vector and the PITCh vector were cotransfected into HCT116 cells and puromycin-resistant clones were selected and isolated. Of 12 clones isolated, 8 were determined to have knock-in alleles by PCR amplification of 5′ and 3′ knock-in junctions ([Fig. 3B](#f0003){ref-type="fig"}). Further genotyping by out-out PCR revealed that 3 clones were monoallelic knock-in and 5 clones were biallelic knock-in ([Fig. 3B](#f0003){ref-type="fig"}). The genomic context of 4 selected clones was further confirmed by Southern blot analyses ([Fig. 3C](#f0003){ref-type="fig"}). These results proved that our materials for PITCh-TG functioned efficiently. Figure 2.Detailed design of PITCh-TG in human *AAVS1* locus. Black lines indicate the target sequences of sgRNAs. Black boxes indicate PAM sequences. Black triangles indicate DSB sites. MH, microhomology. Puro^R^, puromycin resistance gene. Figure 3.Experimental example of PITCh-TG. (A) Schematic illustration of knock-in allele. The genomic context was visualized using SnapGene Viewer software (Chicago, IL, USA) (<http://www.snapgene.com/>) with various annotations including primers used for genotyping and probes for Southern blotting. Red boxes indicate left and right microhomology regions. The cut region indicates a DNA fragment generated by restriction enzymes used in Southern blotting. (B) Gel images and summary of genotyping. The clone IDs are shown at the top of each panel. Red letters indicate the clones which the knock-in was successful. A, B, and C in the upper panels indicate the PCR products of non-knock-in allele, 5′ junction, and 3′ junction, respectively. The lower panel represents the results of the out-out PCR, simultaneously amplifying both the knock-in and the non-knock-in alleles. M, ladder marker. (C) Southern blotting. The results of inner and outer probes are shown. WT, wild type; KI, knock-in.

Development of PITCh designer: A web-based design tool for PITCh knock-in {#s0002-0003}
-------------------------------------------------------------------------

Toward an accessible design of PITCh knock-in, we created a free web-based design tool, named PITCh designer ([Fig. 4A](#f0004){ref-type="fig"}). This application only requires the sequence around the target region. After providing the sequence with some selectable options, the user selects the targeting base ([Fig. 4B](#f0004){ref-type="fig"}). Then, the application automatically designs the sgRNA, left and right microhomologies, and primers for the construction of the PITCh donor vector ([Fig. 4C](#f0004){ref-type="fig"}). Figure 4.Screenshots of PITCh designer, representing the sequence submission (A), selection of target bases (B), and the example of the design results (C).

Simple procedure of PITCh designer {#s0002-0004}
----------------------------------

The procedure for the PITCh designer consists of the following 3 steps: 1)Sequence submission

PITCh designer accepts an arbitrary nucleotide sequence in the FASTA format from 100 bp up to 1.5 kbp ([Fig. 4A](#f0004){ref-type="fig"}). 2)Selecting the targeted nucleotide

PITCh designer analyzes the input sequence upon clicking of the "Submit" button, and provides a list of potential knock-in sites within the provided sequence. These potential knock-in sites are displayed as color-coded bases, depending on the presence of a PAM sequence within a window of 12 bp (6 bp upstream and 6 bp downstream) ([Fig. 4B](#f0004){ref-type="fig"}). 3)Displaying search results

After the user selects the desired knock-in position, the gene-specific sgRNA, microhomologies, and knock-in sequence are visually displayed. Furthermore, upon pushing the "Details" button, the textual information of gene-specific sgRNA, left and right microhomologies, primers for the construction of a PITCh donor vector according to the previous protocol,[@cit0002] and the 5′ and 3′ sequences of the PITCh donor is shown, along with images of the primer-binding sites on the donor vector ([Fig. 4C](#f0004){ref-type="fig"}). The sequence data and images can be downloaded as CSV and JPG files, respectively.

Design options in PITCh designer {#s0002-0005}
--------------------------------

PITCh designer includes a variety of optional settings: 1)Reading frame

There are 4 options regarding reading frames: frame 1, frame 2, frame 3, and no frame, representing the open reading frames starting at the 1st, 2nd, and 3rd bases, and a sequence without frame specification, respectively. 2)Adjustment of reading frame

For endogenous gene tagging, the knock-in cassette has to be designed to produce a functional protein without containing a frame shift. PITCh designer provides the following 2 methods to adjust the reading frame. The first method is "C-insertion," which fills in the frame with additional cytosine(s). The addition of cytosine(s) never results in the production of a stop codon. The second method is "codon deletion," which removes one or 2 bases to make the in-frame knock-in. 3)Knock-in cassette

As illustrated in [Fig. 1A](#f0001){ref-type="fig"} and [B](#f0001){ref-type="fig"}, 2 versatile knock-in systems are currently available in PITCh knock-in: the integration of promoterless EGFP-2A-Puro^R^ or constitutive promoter-driven CMV-EGFP-2A-Puro^R^-polyA. PITCh designer supports the automated design of primers for each knock-in method. 4)Microhomology lengths

The lengths of left and right microhomologies can be independently set within the range of 10--40 bp. 5)PAM specificity

Although the typical PAM sequence of *Streptococcus pyogenes* Cas9 is 5′-NGG-3′, various PAM motifs have been identified and may be discovered in the future.[@cit0009] PITCh designer can accept any user-defined PAM sequences described with IUB codes.[@cit0010]

PITCh designer algorithm can be implemented any website {#s0002-0006}
-------------------------------------------------------

While building PITCh designer, we created a JavaScript library, referred to as KnockinJS (<https://github.com/Kazuki-Nakamae/public/tree/master/KnockIn.js>). This library contains all of the JavaScript codes for designing the PITCh knock-in. Anyone can implement the knock-in design algorithms used in PITCh designer on their own websites by adopting KnockinJS library in the HTML file. Furthermore, this portable JavaScript library has been written using pseudo-class-based object-oriented programming (OOP) (<https://developer.mozilla.org/en/docs/Web/JavaScript/Introduction_to_Object-Oriented_JavaScript>), enabling implementation in a wide range of class-based OOP languages, such as Java, C\#, and Python.

In the field of biotechnology, computed and automated programs are currently used for various research purposes.[@cit0011] To make the most of these programs, it is important for them to be implemented in various forms, based on portable software systems. Our PITCh designer with the KnockinJS library is a good example of software portability in the field of genome editing.

Materials and methods {#s0003}
=====================

Vector construction {#s0003-0001}
-------------------

pX330A-AAVS1/PITCh, an all-in-one CRISPR-Cas9 vector for cutting the genomic *AAVS1* locus and the donor vector, was constructed using the Multiplex CRISPR/Cas9 Assembly System Kit (Addgene, Kit \#1000000055) and pX330S-2-PITCh (Addgene, Plasmid \#63670), in accordance with a described previously protocol.[@cit0002] The oligonucleotides for the template of sgRNA targeting *AAVS1* are listed in Supplemental Table 1. pCRIS-PITChv2-AAVS1, the donor vector for PITCh-knock-in, was constructed using a standard PCR and In-Fusion cloning method (Takara).

Cell culture, transfection, and puromycin selection {#s0003-0002}
---------------------------------------------------

HCT116 cells were maintained in DMEM supplemented with 10% fetal bovine serum. Transfection, puromycin selection, and single cell cloning were performed as described previously[@cit0002] with slight modifications. Briefly, 2.5 × 10^5^ HCT116 cells were seeded in a 100-mm dish a day before transfection. The transfection was performed with 1.2 µg each of pX330A-AAVS1/PITCh and pCRIS-PITChv2-AAVS1 using Lipofectamine LTX (Thermo Fisher Scientific). Puromycin selection was started at 72 h post-transfection, by supplementation with 1 µg/mL puromycin. The culture medium was replaced with fresh medium containing puromycin on a daily basis. After a week of puromycin selection, single cell cloning was performed using a limiting dilution method with a 96-well plate, in accordance with the following protocol. The cells were trypsinized, collected, and adjusted to 7.5 cells/mL. Subsequently, 200 μL of the suspended cells were moved to each well of a 96-well plate (1.5 cells/well).

Genotyping by PCR {#s0003-0003}
-----------------

Genomic DNA was extracted using a DNeasy Blood & Tissue Kit (Qiagen). For genotyping, PCR amplification was performed using KOD FX Neo (Toyobo) or PrimeSTAR GXL (Takara) using the primers listed in Supplemental Table 1.

Southern blotting {#s0003-0004}
-----------------

Southern blotting was performed as described previously.[@cit0007] The primers used to generate the inner and outer probes are listed in Supplemental Table 1.
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